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Introduction
For space objects which are in Low-Earth orbit (LEO), the non-uniform mass distribution of the Earth dominates the perturbations on orbit and attitude. Non-gravitational forces are mostly caused by momentum exchanges at the satellite surfaces. The most prominent of these forces originate from the interaction of the surface with the photons from the Sun, known as solar radiation pressure (SRP). In addition, molecules and ions of rarefied atmosphere in the thermo / exosphere have similar momentum exchanges with the surface element, so-called free-molecular flow (FMF). In contrast with gravitational perturbations, the aerodynamic and radiation pressure effects are difficult to model since they are not directly measurable, and require several decent knowledge of phenomena, geometry, surface property, and irradiating flux.
This paper investigates the FMF effects on a satellite with on-orbit temperature variation in a near circular orbit of LEO. The FMF perturbs orbit and attitude of satellites as well as of any other orbiting space objects below the exosphere of the Earth, including International Space Station and space debris. The enhanced fidelity and accuracy of the atmospheric perturbation model is expected to complement with the growing requirements on the orbit determination accuracy of these space objects including satellites for gravimetry.
For the sake of accurate orbit propagation, precise gravitational and non-gravitational force models are prerequisite. Several gravimetry missions, e.g. CHAMP (DLR, 2000), 1) GRACE (NASA, 2002, see Fig. 1 ), 2) GOCE (ESA, 2009), 3) have contributed significantly to understanding the gravitational field of the Earth. Analysis of the highly accurate data provided from these missions is still in progress. However, next generation gravimetry missions are foreseen to achieve even higher, unprecedented accuracy and resolution (both in time and space).
This evolving measurement accuracy is equivalent to strict accuracy requirements on orbit and attitude to extract the scientific outcome. For the sake of optimized outcome from those current and future gravimetry missions, a High Performance Satellite simulator for Satellite Gravimetry (HPS-SG) is under development in the project "geo-Q".
A generic perturbation calculation method has been implemented based on the existing non-gravitational force calculation software developed by Kato et al., 4, 5) together with the high performance satellite dynamics simulator (HPS) developed at the Center of Applied Space Technology and Microgravity (ZARM).
6) The project geo-Q aims at taking initiative of the high precision and high fidelity mission analysis software development within its scope.
The FMF has been studied for decades and the complexity of the phenomena has been the bottleneck. For example, atmospheric density, ambient temperature, orbital velocity, thermo-optical properties of the object, and temperature of the surface affect the characteristics of the FMF. Among recent papers, van der Ha formulate the FMF-induced force and torque effects on satellites in elliptical transfer orbit, 7) Hart et al. establish analytical coefficient models for typical surface shapes. 8) There is also a theoretical approach published by Sengers et al., 9) investigate the correlations of Knudsen number and speed ratio on the force coefficients.
In this paper, we focus on the FMF effects from the temperature variation of the satellite surfaces so that test cases are chosen to be 'easy-to-visualize' conditions. We employ a simple attitude pointing and single orbit configuration with seasonal variations in terms of epochs. These conditions allow us to obtain analytical expressions and results. Meanwhile, these analytical first-order estimates play an important role in the early phase of mission study and real-time operations as well. The current study intends to obtain those quick results while keeping the formulation as general as possible.
The aerodynamic effects are the dominant non-gravitational forces acting on an object below 600 km altitude orbit. The variation of the upper atmosphere is mainly driven by the heat input from the sun in the extreme ultraviolet wavelength, which causes the neutral density to change with several orders of magnitude.
10) Therefore, we employ the NRLMSISE-00 atmospheric model, 11) which is a statistical average of several measurements and suitable for our generic analysis.
Up to now, there are very limited investigations on the effects of surface temperature over the orbital motion, mainly due to the complexity of temperature calculations. Further refinements are foreseen by introducing the surface temperature estimation on the FMF calculations, and it would reveal the dynamic trend of the effect as well. And thus, we pursue a high fidelity calculation method of the FMF effects on a satellite by taking into account the orbit and attitude motion of the satellite.
Geometry and Notations
To perform a generic analysis on the FMF effects with temperature variations in orbit, the dynamics of the satellite are expressed in Earth centered inertial (ECI) frame. In addition, according to the emphasis on Earth observation satellites, the attitude pointing in this paper adopts a simple Earth pointing body with Sun tracking solar panels. The state (position, velocity, attitude) is calculated using the existing HPS modules with EGM2008 gravity field model with rotating atmosphere, 12) then the FMF and temperature variations are post processed with the given output from HPS. Figure 2 shows the satellite-body fixed (BF) frame and notation angles which express the surface normals in BF frame. The attitude pointing is defined by the Sun and nadir directions as follows: The X BF and Y BF axes are aligned with the velocity vector and orbit normal, respectively, and the Z BF axis which points in the radial direction in ECI frame completes the coordinate. Thus, the -Z face of the satellite is kept pointing down to the Earth and this face is where mission payloads are expected to be mounted.
The planet surface and its radiation models are inherited from the established model, 4, 5) while incorporating the Earth reflectivity data from NASA data archive.
13) The provided reflectivity data account for the average (or nominal) influences of clouds and surface conditions, e.g. ice and snow, from several satellite measurements.
The satellite model parameters are listed in Table 1 . The body panels are covered by Multi-Layer Insulation (MLI) and the solar panels rotate around Y axis to keep them pointing towards the Sun (see Fig. 2 ). The surface properties of the satellite are provided with exemplary values, in the other hand, the surface temperature calculation includes the model of the emissivity of the solar panel back side. 4, 14) Some straightforward and practical simplifications have been made to compute the view factor, which scales the radiative contributions of Earth albedo (ALB) and infrared radiation (IR) from the Earth's surface. 4, 5) By using the calculated view factor, we obtain the energy inputs from ALB and IR on individual surface elements. These heat inputs together with incident solar flux are then used to compute the surface temperatures. One basic assumption on the incoming solar fluxes is that they are assumed to be parallel in LEO. This assumption can be employed without loosing generality and accuracy.
Free-Molecular Flow
The Knudsen number Kn, which is the ratio between the mean free path of the molecules and a characteristic length of the object, characterizes the rarefied gas flow. Higher Kn corresponds to a flow in which the momentum exchanges are modeled by the molecular collisions on the object, so-called free-molecular flow. The variations in the atmosphere are very dynamic and thus difficult to model or measure in detail. However, empirically, the mean free path of the atmospheric molecules are in km-range above 200 [km] altitude. Figure 3 depicts the FMF surface interactions on a flat surface element. The representation of the aerodynamic force requires knowledge of the intricate interactions of the free-flow molecules with the surface exposed to the flow. These interactions are modeled with two independent phenomena, specular reflection and diffuse re-emission. Specular reflection assumes (ideal) elastic momentum exchange of a molecule with a surface and thus the molecule has the same magnitude of velocity with negative sign after the reflection and the resulting force is directed only along the negative surface normal (n, see Fig. 3 ).
Diffuse reflection has twofold processes and is assumed to be inelastic. Molecules, which are not specularly reflected, are first accommodated on the surface and this accommodation ratio is modeled with an energy accommodation coefficient. 15) These accommodated molecules are diffusely re-emitted from the surface and the most probable speed v m of re-emission can be expressed as a function of surface temperature These particle-surface interactions are similar to the momentum exchange of a photon, well-known as SRP. In FMF, the surface temperature determines the speed of a molecule at the re-emission as shown in Eq. (1) and thus, the resulting recoil force.
We start with the FMF model presented by Klinkrad and Fritsche, 16) who express the aerodynamic force F exerted on a flat satellite surface A in the form shown in Eq. (2) by using the local air density ρ. This ρ represents the mean density of molecular species existing in the higher atmosphere, namely When accounting for the directions of the resulting force components, we have : 7) with Substituting these relations in Eq. (2), the components can be now expressed along negative surface normal n and its orthogonal direction t, with These coefficients can be interpreted as, C n1 represents the magnitude of the momentum exchange along n with local speed ratio S, C n2 accounts for the re-emission of the accommodated molecules with surface temperature along n, and C t provides the shear force components due to the molecular accommodations along t.
The coefficient C n (= C n1 + C n2 ) is compatible with the conventional drag coefficient C D . C n represents the force coefficient along the surface normal that is identical to drag coefficient when the surface is orthogonal to the flow. In the extreme of high speed ratio, it can be reduced to C n ≈ 2 (2-σ d ). Considering the range of 0.8 ≤ σ d ≤ 1.0 in practice, this amounts to 2.0 ≤ C n ≤ 2.4. In the following analysis, we employed σ d = 0.9.
The provided formulation of C n2 includes the surface temperature as a parameter, which changes dynamically in orbit. By employing the straightforward temperature calculation method, 4, 5) we could track its variation including the contributions from several radiation sources. The assumptions we made in temperature calculation are A). each surface element is thermally isolated from other elements, B). constant interior temperature, and C). the resulting temperatures are obtained in steady state conditions.
Components in Eqs. (10)- (12) are computed in a discrete manner, including the estimated surface temperatures at each position and attitude. Since the surface temperature is one of the parameters of our interest, the temperature calculation incorporates ALB and IR as secondary heat sources to obtain realistic predictions of the effect. 
Simulation
In order to investigate the FMF effects with temperature variation, simple orbit and attitude conditions are employed, see Table 2 for the orbital elements. We use an exemplary orbit type of sun-synchronous orbit and 3 different epochs of summer/winter solstices and the vernal equinox in the year of 2000. Under each epoch, we compute satellite states, perturbations, surface temperatures, and resulting FMF effects over one orbital revolution.
The NRLMSISE-00 model is used to obtain the mean density and ambient temperature at a given spot in the orbit. Accordingly, we obtain the speed ratio, which is a ratio between the incident molecular velocity and the most probable speed of the molecules in the ambient atmosphere.
To investigate the seasonal variation, simulations are performed for 3 different seasons and Fig. 4 shows the speed ratio variation over one orbital period in each season. The speed ratios stay in the similar envelop throughout all seasons.
The attitude is fixed with velocity vector (= X BF ) and nadir direction (= -Z BF ) with Sun tracking solar panels. This represents a typical Earth observation satellite configuration. The orbit is also fixed with Local Time of Ascending Node (LTAN) of 0 pm to include the eclipse where we expect significant temperature variations. These conditions lead to the results that mainly 5 surface elements are exposed to the flow. Namely, they are +X body, 2 solar panel front / back surfaces. There are small non-zero components of the FMF effect seen also on the other body surfaces due to the orbit inclination and eccentricity. However, in this paper, we focus on the major components acting on the +X body and the solar panel front side.
The obtained surface temperatures at summer epoch are shown in Fig. 5 . Since the temperature calculation is based on steady state condition with straightforward heat balance, the temperature drops to 0 [K] if a surface receives no energy input. In addition, we employed a cylindrical eclipse model for flux calculations based on parallel solar flux assumption.
Result and Discussion
For the initial illustration of the temperature contribution, we first look into the +X body surface, which is kept normal to the velocity vector and thus represents a flat-plate configuration normal to the flow. The obtained magnitude of the FMF force and coefficients in summer epoch are shown in Figs. 6 and 7.
Simple atmospheric drag results with drag coefficients of C D = 2.0, 2.5 are included in Fig. 6 for comparison, and Fig. 7 shows the distribution of C n components from Eqs. (10) and (11) . Here, the simple atmospheric drag components are calculated by substituting specified drag coefficients in C, in the first line of Eq. (2) with same area and velocity. The FMF results basically stay within the two boundaries of simple atmospheric drag. However, we find a jump in C n2 component in Fig. 7 . The jump corresponds to the exit of the eclipse condition as expected and has about 6.3 [%] contribution on total C n . The same discussion applies to the Sun-tracking solar panel, shown in Figs. 8 and 9 .
The C n2 jump is more clearly seen in Fig. 9 , where C n1 corresponds to the angle between the surface normal and the velocity vector, while C n2 materializes only under the illuminated condition (see also, Fig. 5 ). The magnitude of the jump due to the C n2 on the solar panel front is, similar to +X body, about 6.6 [%] with respect to the total C n .
The results of Figs. 6 -9 are summarized in Table 3 for the ranges of each component. The magnitude of the FMF force and C n vary due to the dynamical change of the atmosphere over the orbital motion. The primal factor is the diurnal variations of atmospheric molecular concentration, where heavier molecules stay near the subsolar point and lighter molecules gather around the anti-subsolar point. 16) The observed jump in C n might be exaggerated with first-order estimation of the analytical temperature calculations, based on the steady state conditions. However, it generates the disturbance on the attitude motion and might explain many of the reported spikes on orbit. 17) Further detailed analysis including attitude effects are in progress.
Additionally, in the case of pursuing higher precision in application, we need more sophisticated and dedicated numerical analysis including the temperature variation with surface properties.
Next, we spot on the FMF effects on a rotating surface, in our case the solar panel. The proportional distributions of C n on a solar panel front for each epoch are shown in Figs. 10 -12 The contributions of respective components are shown in the stacked-bar and given in [%]. The gaps seen in the Figs. 10 -12 are the orbital arcs where the surface is not exposed to the atmospheric flow, and are not from the eclipse condition. Due to the initial true anomaly of 0 with different epoch, these conditions shift within the orbital period and have slightly different peak values of C n components. Table 4 summarizes the obtained characteristics of temperature contributions from Figs. 10 -12. The listed values of C n2 are slightly decreasing from summer to winter, but the seasonal deflection of total C n is negligible at only 0.4 [%] of the maximum value. In addition, the ratios of the jump in C n2 are above 6 [%] throughout the seasons. Thus, no remarkable seasonal variations are found under the selected conditions.
In Figs. 10 -12 , contributions of C n2 have peaks about 30 [%] of total C n . This is the combined effect of small S n and surface temperature. The C n1 component rapidly approaches 0 with the large separation angle between surface normal and velocity vector. On the other hand, C n2 remains due to the almost constant surface temperature. Although, the value of C n at the spot is less than 1 [%] of the maximum of C n on solar panels, the effects are practically negligible (see Figs. 8 -10) .
In all cases, the maximum value of C n2 takes place slightly after the exit of eclipse. These shifts are induced by the ALB and the IR radiations from visible surfaces of Earth that are illuminated by the Sun. Thus, the trend and its magnitude vary with specific mission parameters on the orbital geometry, satellite properties, and attitude.
Conclusion
The dynamic variations of the free-molecular flow effects are shown with the new aspect of temperature contributions based on analytical formulations. The chosen exemplary test cases indicate that the magnitude of the force coefficient change is around 6%, which is induced by the surface temperature variation at the exit of eclipse.
On the other hand, the seasonal variations on the free-molecular flow effects are found to be small. However, the incorporation of the surface temperature leads to identify dynamical variations and spikes around the eclipse boundary. This is of specific interest in the scientific data extraction of gravimetry missions. The research continues in the attitude effects and more precise orbit propagation methodology.
Since the atmosphere is very hard to model precisely, the results shown here do not guarantee the generality of the discussion. Nevertheless, the temperature contribution on the free-molecular flow calculation is now foreseen to be implemented in our mission analysis software HPS-SG for the sake of capturing dynamic characteristics on orbit and attitude.
